The radiative recombination of electron-hole pairs represents a great challenge of the photon-tocharge conversion efficiency in the photocell. In this paper, we investigate the radiative recombination rate (RRR) dependent temperatures in a proposed quantum photocell with three electron donors. The results show the increasing temperatures and energy gap of the donors can inhibit the RRR, while the gaps between the donors and acceptor enhance the RRR in the quantum photocell with three uncoupled donors. However, the suppressed RRR was obtained by the increasing energy gaps of the donors but the RRR was heightened by the gaps between the donors and acceptor, although the increasing temperatures incur much intense radiative recombination in the quantum photocell with three dipole-dipole coupled donors. And at room temperature, the RRR is always less than those in the three uncoupling donors case. What's more, the RRR can be restrained to a minimum value but can't be eliminated when the photocell system adjusted by the electrostatic dipole-dipole coupling strength J at room temperature. The features of regulation performance but irremovability demonstrate the detailed balance limits and the possibility of increased efficiency in this quantum photocell, and suggest some encouraging trends for higher efficiency and deserve to prove experimentally.
I. INTRODUCTION
The photon-to-charge conversion efficiency [1] is an important aspect of photocell. However, the photon-tocharge conversion efficiency cannot exceed the detailed balance limit [2] because the radiative upward transition to generate the excitation and its reversal, the radiative downward transition coexist simultaneously. And the radiative recombination has been considered as the fundamental limits [2] on the conversion efficiency, as has been widely accepted in these artificial light-harvesting sys- 
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Acceptor In (a) the three degenerate excited levels split into (b) because of the couplings between three donors, and the dark level ( |a2 ) is optically forbidden and has no electron transfer path to the acceptor |α .
II. PHOTOCELL MODEL WITH THREE ELECTRON DONORS
Proceeding with the analysis, we consider a photocell model with the conduction band states |i (i=1,2,3) and the valence band state |b [depicted in Fig.1(a) ] as the donors. And level |α and level |β connecting to a load are assumed the acceptor molecule. The excitation of a molecule is simply modeled as a two-level system with the excited state |i (i=1,2,3) and the ground state |b .
Then the excited electrons driven by solar radiation can be transferred to the acceptor molecule, the conduction reservoir state |α , with any excess energy radiated as a phonon into the ambient thermal phonons reservoirs.
The excited electron is then assumed to be used to perform work, leaving the conduction reservoir state |α decaying to the sub-stable state |β at a rate Γ. The recombination between the acceptor and the donor is modeled as χ 1 Γ in Fig.1(a) . Where χ 1 is the RRR, a dimensionless fraction. The recombination process brings the system back into the valence state |b without producing a work current, which could be a significant source of inefficiency.
Finally, the state |β decays back to the valence state |b at a rate Γ c and the cycle terminates. In Fig.1(a ] between |a 1 and |a 2 , and |a 2 and |a 3 in Fig.1(b) , but there is no coupling between |a 1 and |a 3 . The strength of the dipole-dipole coupling J is much weaker than the excitation energy E − E b = ω. The Hamiltonian of the three coupling donors can be written as
where H.c. means Hermitian conjugation,σ † i andσ
are the Pauli raising and lowering operators, respectively.
The three single-excitation states of the above Hamilto-
, and their eigenvalues are obtained as
The dynamics behavior of the donors-acceptor system can describe via the master equations for the uncoupled case in eqn(2)(shown in Fig.1(a) ) and the coupled case in eqn(3)(shown in Fig.1(b) ) as follows, respectively.
where 
are the thermal occupation numbers of ambient phonons
is the corresponding thermal occupation at the ambient temperature T s with the energy (E β -E b ). n 12 , n 13 , and n 23 represent the corresponding thermal occupations at the ambient temperature T s with energy gaps (
and (E a2 -E a3 ), respectively. The rates in eqn (2) and ( for the photon and phonon reservoirs are in a common temperature. We consider the initial condition to be a fully occupied ground state [22] , i.e., ρ bb = 1.
III. SUMMARY AND DISCUSSION
In what follows, we calculate the steady solutions of Eq. (2) and Eq.(3) for the RRRs, χ 1 and χ 2 . In fig.1(b To discuss the RRR χ i in Fig.1 , we use the following parameters [21, 22] ,
ev. And other parameters are γ h =0.62 ev in Fig.1(a) , and γ 1h =0.62 ev ,γ 3h =0.45 ev, γ 1c =γ 3c =0.15 * ( In the case of three uncoupled donors in Fig.2(a) , it notes that a higher temperature can block the radiative recombination between the donors and acceptor, and the increasing energy gaps (E − E b ) incur the decreasing efficiency of radiative recombination, which can be obviously shown at the room temperature (∆=0) in Fig.2(a) .
These features suggest that electron transport process becomes intense in a higher temperature when the electron transfer is individually driven by the three uncoupled donors, which leads to more excited electrons to perform work. So, in the donors, the transferred electrons for radiative recombination to valence band becomes weak.
In spite of the lower recombination of electron can be obtained in the higher temperature condition as shown in Fig.1(a) , the room temperature is still regarded as the optimal operating environment for the quantum photocell because of the real environment.
However, a contrary result appears in the case of three dipole-dipole coupled donors in Fig.2(b) . The radiative recombination becomes intense in the increasing temperature condition, although the increasing energy gaps (E − E b ) can also incur the decreasing efficiency of ra- respectively. Other parameters are the same to the corresponding parameters in Fig.2 . Fig.3 shows the RRR are much smaller in this quantum photocell with three dipole-dipole coupled donors than those in the case of three uncoupled donors in Fig.3(a) at the room condition (∆=0). And the energy gap between the donors and the acceptor molecular shows the entirely different manipulating features on the RRR comparing to Fig.2, i. e., the increasing energy gaps enhance the RRR in both Fig.3(a) and Fig.3(b) . Not only that, but the RRR in Fig.3(a) is much larger than those Fig.3(b) . Which demonstrates that the larger energy gaps do harm to the efficiency of the quantum photocell and that the electron transfer closely relates to the energy gaps between the donors and the acceptor molecular. The reason for this is that more excited electrons can't be transported to the external load but radiative downward to the electrical neutral state |b when there is a larger energy gap between the donors and acceptor, which brings out the increasing radiative recombination in Fig.3 . However, the radiative recombination dependent of temperature difference is similar to Fig.2 . The radiative recombination decreases when it's in the increasing ambient temperature condition in Fig.3(a) while it increases with an increasing ambient temperature in Fig.3 To deeply investigate the effects of electrostatic dipoledipole coupling strength J on the RRR, we plot the RRR, χ 2 versus the coupling strength J in Fig.4 , while setting Fig.4(a) and (E − E α )=0.05 ev in RRRs slowly fall down in the range 0< J <1 in Fig.4(a) , while the sharp decrease of χ 2 appears about in the range 0.3< J <0.5 in in Fig.4(b) . The distinct difference between the two types of energy gaps, (E − E α ) in Fig.4(a) and (E − E b ) in Fig.4(b) is the minimal values of RRR during the process of the electrostatic dipole-dipole coupling strength J approaching to 1 gradually. In Fig.4(a) the final values of RRRs are in close proximity to 0.05, while their corresponding values infinitesimally approach to 0.2 in Fig.4(b) . First of all, it shows that the RRRs can be suppressed furthest by the electrostatic dipole-dipole coupling strength J, and that the energy gaps (E − E α ) have a better inhibition effect on the RRR than the energy gaps (E − E b ) in this quantum photocell. Secondly, it demonstrates that the RRR can be adjusted and kept to a minimum but can't be canceled out [17] in this photocell model. In other word, the radiative upward transition to generate the excitation is allowed, and the radiative downward transition must be allowed as well but it can be controlled by the energy gaps (E − E α ) as far as possible. 
